The purpose of this paper is to study the core performance of passive safety small reactor for distributed energy supply by changing the heavy water (D 2 O) concentration in the mixed coolant together with the fuel pitch. The long core life with conditions of the excessive reactivity of 2 %∆k/k, the reactivity shutdown margin of 1 %∆k/k and the negative coolant temperature reactivity coefficient is attained for the case of D 2 O concentration of 60 % with 10 % enrichment gadolinia (Gd 2 O 3 ) doped fuel rods. This D 2 O core has a shorter core life 4.14 years than the original light water (H 2 O) core 4.76 years, while it needs a larger core size. However, changing the D 2 O concentration on the way during the burn-up shows a possibility of extending more the core life than that of the original H 2 O core.
Introduction
Small reactors can be used not only for electricity generation, but also for other usages such as heat supply, sea water desalination. The PSRD (Passively Safe Small Reactor for Distributed Energy Supply System) is very small reactor with thermal output of 100 to 300 MW. The concept of PSRD has been developed on the base of an advanced marine reactor, MRX 1) , by Japan Atomic Energy Agency (JAEA) of which name changed recently from Japan Atomic Energy Research Institute (JAERI) due to unification with Japan Nuclear Fuel Cycle Agency. Features of the PSRD have been already introduced in some reports 2, 3, 4, 5) . The core of PSRD has been designed to be cooled and moderated by H 2 O with low enriched UO 2 fuel on the base of the current PWRs. One of the PSRD design goals, long operation for about five years with the 100 % load factor without refueling or shuffling, has been achieved nearly through optimization on the number and enrichment of Gd 2 O 3 doped in the fuel rod and so on. The burn-up profile, however, contains still a relative large swing with time, that is, k eff (effective multiplication factor) changes with a peak at about middle core life. Moreover, the PSRD fuel rods need a larger enrichment of Gd 2 O 3 than 10 wt%, although the 10 wt% is proofed in the present PWRs. To flatten the burn-up profile, optimization is needed more.
On the hand, the heavy water (D 2 O) which has good characteristics as neutron moderator can provide possibility to enhance the burn-up performance, although it has not been so far applied to small reactors because the D 2 O reactor such as CANDU requires a The present paper describes the core design focusing on effects of D 2 O concentration in the mixed coolant on reactor performance to reveal the possibility of improvement in burn-up characteristics and fuel utilization. The D 2 O mixed coolant has two roles of the moderator and the coolant in the PSRD core. The core performance is analyzed by SRAC95 which is the general purpose neutronics code system (Okumura, et al., 1996) 6) . The nuclear data library adopts JENDL-3.3.
Reactor System of PSRD
Safety and economy enhancements by simplification and miniaturization of the PSRD reactor system can be achieved by the following peculiar designs. i) Adoption of a simplified integral type reactor with natural circulation and self-pressurization in the primary loop, ii) Reduction of the possibility of a loss-of-coolant accident by limiting the number of the penetration pipe through the reactor pressure vessel (RPV) only for the safety valve line, that is, the volume control system and the purification system are not connected to the primary loop during the normal operation period, iii) Adoption of a water-filled containment and the passive safety systems including hydraulic force actuation valves, iv) Adoption of the in-vessel type control rod drive mechanisms (INV-CRDMs) that are installed inside the pressure vessel, v) Adoption of long core life cycle about 5 years with the load factor of 100 %.
The concept of PSRD is shown in Fig. 1 and the major parameters with thermal reactor powers of 100 MW are presented in Table 1 . The core locates in the lower part, the steam generators (SGs, two sets) in the middle part, and the INV-CRDMs in the upper part inside the RPV. Around the core, the radiation shield is provided outside the core barrel.
The SG is of the once-through, helical coil tube type. The primary cooling water flows outside the tubes, and the secondary water and the steam flow inside the tubes. The SGs are hung from the main flange of the RPV. In refueling, the center flange together with the INV-CRDMs after de-latching the control rods is removed. The primary cooling water flows up after passing through the core by single-phase natural circulation driving force, turns out the core barrel through the flow holes, which are positioned above the SGs, and flows down through the SGs. The water level will vary during the normal operation between the top and the bottom of the flow holes.
The chemical shim for the power control and the soluble boron injection for emergency shutdown are not used in the PSRD. The control rods only are used for these roles. The 24 control rods can be inserted in all fuel assemblies. The reactor shutdown system consists of two systems to meet the requirement of redundancy: the one is reactivity control and shutdown system with 16 control rod clusters, and the other is the backup shutdown system with 21 control rod clusters.
Original H 2 O Core
Design conditions have been set up as follows: i) Low enriched UO 2 of which U 235 enrichment is to be less than 5 % on the base of a framework in the current regulations of Japan, ii) The chemical shim for the power control in the normal operation and the boron injection for reactor shutdown in an emergency are not to be used, iii) The excessive reactivity through the core life is to be larger than 2 %∆k/k for immediately re-startup operation, and iv) The reactivity shutdown margin for each independent shutdown system at condition of a cold state is to be larger than 1 %∆k/k taking account of ambiguity in calculation. The nuclear characteristics were evaluated by core analyses with SRAC95 [6] , which contains the ASMBURN modular for assembly calculation and the COREBN module for core burn-up calculation.
In the original core design of PSRD with H 2 O coolant, parameter survey have been studied concerning the fuel rod pitch, the UO 2 enrichment, the control rod arrangement and number, the Gd 2 O 3 enrichment and amount, etc., to achieve long life operation about five years without refueling or shuffling.
In consequence, the original core design [5] with the two-region core, the fuel assembly type of 17×17, the Zircaloy-4 cladding UO 2 pellets, the U235 enrichment of 4.6 wt%, the Gd 2 O 3 enrichment of 12 wt%, and the fuel pin pitch of 13.9 mm can provide the core life of 4.76 years. The arrangements of fuel assemblies and fuel rods in assembly, and the major parameters will be presented in comparison with ones of D 2 O core in the later section.
D 2 O Mixing Core
It is known well that D 2 O reduces greatly the H 2 O core reactivity due to a lower resonance escape probability of neutron if only H 2 O was replaced by D 2 O, remaining other parameters to be unchanged in the H 2 O reactor. This is not exceptional even in the PSRD core. Usage of D 2 O, however, can produce the merit that the highly enriched Gd 2 O 3 is unnecessary.
It has been revealed by a preliminary core calculation that dominant parameters to be adjusted to attain the design goals of the PSRD are the fuel rod pitch or V m /V f (volume ratio of the moderator and the fuel) and the concentration of D 2 O in the coolant. Core performances are given firstly for the case of the core without Gd 2 O 3 and secondly for that with it.
Core without Gd 2 O 3 doped fuels
Relation between the k eff at BOL (beginning of life) and the V m /V f for the core without Gd 2 O 3 doped fuel rod are shown with a parameter of D 2 O concentration (60 to 100 %) in the coolant in Fig. 2 . The values of k eff increase with the V m /V f , which indicates the core has the negative coolant temperature reactivity coefficient at BOL.
The burn-up characteristics of 100 % D 2 O concentration are shown with a parameter of the V m /V f in Fig. 3 . There is no swing profile in k eff s throughout the core life, that is, they decrease monotonously with the burn-ups. The greater fuel rod pitch results in the longer core life. Relation of the core life and k eff at BOL without Gd 2 O 3 doped fuel rod is shown in To meet, the reactivity shutdown margin of the minimum 1 %∆k/k, however, the k eff should not exceed a certain level, which is to be obtained from the reactivity calculation for the condition of a cold core state. The value of 1.08 at the hot full power is taken here as a rough target of the k eff fulfilling the condition of shutdown margin under the present control rod system of PSRD, which will be described in next section. The limitation causes the core 
Journal 
Core with Gd 2 O 3 doped fuels
To extend the core life, adoption of the Gd 2 O 3 doped fuels is also effective for D 2 O mixing core. In the following design, the enrichment of Gd 2 O 3 decreased to 10 wt% (from 12 wt% of the core design of H 2 O coolant), and the numbers of Gd 2 O 3 doped fuel rods per an assembly decreased to 24 (from 28) for the inner assemblies and to 16 (from 20) for the outer assemblies. Table 2 shows comparison of the major parameters between the original H 2 O core and a D 2 O mixing core with the 60 % D 2 O concentration and with the 17 mm fuel rod pitch (V m /V f = 4.12) as a typical example. The arrangements of the fuel assemblies and the fuel rods in assembly for the both cores are shown in Fig. 5 In this core, the reactivity shutdown margins have been confirmed to be greater than the required value of 1 %∆k/k during core life. When the k eff at BOL is 1.08, the shutdown margin is 1.07 %∆k/k. In the present study, the k eff of 1.08 is adopted as a rough target value for fulfillment of the required shutdown margin. 
The region of negative coolant temperature reactivity coefficient Fig. 9 The region capable of maintaining the negative coolant temperature reactivity coefficient Burn-up performances for each D 2 O concentration (from 40 % to 80 %) with a parameter of V m /V f are shown in Fig. 10 (a) to (c) . From these results, the following facts are obtained.
At the start of burn-up, the k eff s at BOL, take up each positions shown as ones in Fig. 8 . In the burn-up, the tendency is shown that the k eff for a larger value of V m /V f has a larger swing independently of the D 2 O concentration.
From the cases of 80 % and 60 % D 2 O concentration, the core lifes are shown to extend longer for a larger V m /V f . On the contrary, the case of 40 % D 2 O concentration shows a shorter core life for the larger V m /V f , where the core possesses a positive coolant temperature reactivity coefficient. The core lifes which satisfy the conditions of the excessive reactivity of 2 % ∆k/k, the reference reactivity shutdown margin and the negative coolant temperature reactivity coefficient are arranged with the k eff at BOL and are shown in Fig. 11 . The effect of Gd 2 O 3 doped fuel rods on the burn-up k eff can be grasped by comparison with Fig. 11 and Fig. 4 It should be noted, however, that the reactor should be stopped for a while to change D 2 O concentration in the coolant, because the original PSRD is not to use the volume control system during reactor power operation as described in the previous chapter. This means it is contrary to the original design concept of continuing long operation without stopping.
To evaluate the feasibility of the heavy water mixing core using this way from the viewpoint of economy, the total cost-performance should be clarified by considering advantages and disadvantages: The advantages are a long core life and no need of highly enriched Gd 2 O 3 doped fuel rods as mentioned in Section 4.2, and the disadvantages are a larger core size (1.22 times larger core as shown in Table 2 or Fig. 5 ) and an additional system to change D 2 O concentration, which can be added to the volume control system been adopted in the original design. This discussion will be presented in another paper.
On the other hand, as a general discussion, it can be said that small reactors can extend the core life by changing D 2 O concentration on the way of the burn-up.
Conclusions
Core design study for the 100 MWt PSRD has been conducted to survey the effects of the D 2 O mixed coolant on the core performance. The value of k eff at BOL decreases with the concentration of D 2 O in the coolant in the range of negative coolant temperature reactivity coefficient when the other parameters are unchanged.
To obtain enough k eff of the core with D 2 O mixed coolant, the fuel rod pitch needs to be enlarged. It should be noted that a too big pitch makes the condition of shutdown margin and coolant temperature reactivity coefficient be inadequate.
The Gd 2 O 3 doped fuel rods is also found effective in the D 2 O mixed coolant to achieve a long core life. Without the Gd 2 O 3 doped fuel rods, it is difficult to suppress a large k eff at Change (60→40 %) BOL for a long core life by the present PSRD control rod system as the burn-up k eff decreases monotonously.
With the Gd 2 O 3 doped fuel rods, the k eff at BOL is affected by the fuel rod pitch or the V m /V f and the D 2 O concentration in the mixed coolant. When the D 2 O concentration becomes smaller, the k eff s at BOL have a peak at a smaller V m /V f and the k eff s become greater in the range of positive slopes to the V m /V f . The burn-up k eff s have also swing due to effect of Gd 2 O 3 . The longest core life of about four years has been attained at the D 2 O concentration of 60 % and V m /V f of 4.12 under the conditions with the shutdown margin over 1 %∆k/k, the minimum excess reactivity of 2 %∆k/k and the negative coolant temperature reactivity coefficient in the present studies. This core life, however, is shorter than that of the original H 2 O reactor.
Upon the core life, its extension would be possible if the D 2 O concentration was allowed to change during the burn-up period.
